Introduction
Edible coatings and films of various thickness consist of edible materials (proteins, lipids, carbohydrates) applied to the surface of food to improve the appearance and food preservation [1] . In recent years, there has been considerable interest in its use as food packaging, instead of the traditional plastic films. Edible coatings are defined as a thin layer of edible material applied directly to the surface of food, usually by immersion or aspersion, while edible films are pre-formed in molds, dried and applied to food [1] [2] [3] . The purpose of the use of films and coatings is to inhibit the migration of moisture, oxygen, carbon dioxide, flavors, and lipids, and carry food ingredients (antioxidants, antimicrobial agents, flavorings), and/or improve the mechanical and handling characteristics of the product. In some cases, the films and edible/biodegradable coatings can replace synthetic packaging [2] . Whey is a by-product of the cheese industry with high nutritional and functional value. When properly processed either as protein isolate or as concentrate, it consists of an excellent ingredient for the production of various processed foods. For a long time, whey had been considered as a waste by-product with no commercial value, which was discharged into watercourses causing serious environmental problems [4, 5] or even incorporated into animal feed. This approach, however, was disregarded due to the excellent nutritional and functional properties of whey, and the production of whey protein-based films has been studied for application as alternative packaging [6] . The gelation phenomenon required for the formation of a film or coating, is achieved by physical and chemical interactions between the whey protein molecules. Despite the destabilization of whey protein can be achieved by various processes heating is the most used form. These processes induce the breakdown of the structure of the whey proteins, resulting in aggregation and gel formation. The heating modifies the three dimensional structure of proteins by exposure of the -SH groups and hydrophobic groups promoting intramolecular bonds and S-S hydrophobic interactions during drying of the films/coatings. In the absence of heat treatment, the films become brittle and fragile after drying [7, 8] .
Milk protein based films have good mechanical properties, and act as excellent barriers to lipid, oxygen and aromas. However, they do not have an ideal water vapor barrier due to its hydrophilic nature [9] [10] [11] . When properly processed, whey proteins produced flexible, transparent, and odorless films [12] . The application of these films can be improved by adding antimicrobial agents to ensure a more effective conservation of the packaged or coated food [13] [14] [15] . Antimicrobial agents from natural or synthetic sources have been explored with satisfactory results regarding the growth inhibition of spoilage and pathogenic microorganisms. Among the most studied antimicrobial agents are the organic acids and their salts (propionic, benzoic, sorbic), bacteriocins (nisin), enzymes (lysozyme, glucose oxidase), polysaccharides (chitosan), and natural plant extracts (essential oil from oregano, pepper, rosemary) [15] [16] [17] . Antimicrobial substances can be added to the polymers by melting or solubilization of the compound within the matrix. Once these substances are heat sensitive, the solubilization method is the most suitable to incorporate them into the biopolymer matrix [13] .
The oregano essential oil has emerged as the most studied essential oil with applications in food, and the Origanum vulgare sp has been one of the most studied for its antioxidant and antimicrobial activities [18] [19] [20] . This essential oil has high content of phenolic compounds responsible for its antimicrobial and antioxidant activity. Among the components, both carvacrol and thymol stand out as active ingredients [21] . The hydroxyl groups in this phenolic compounds are the cause of inhibitory action as these groups can interact with the cell membrane of bacteria to disrupt membrane structures and cause the leakage of cellular components. There are suggestions that the active groups of carvacrol and thymol promotes the delocalization of electrons which then act as proton exchangers and reduce the gradient across the cytoplasmic membrane of bacterial cells. This will cause the collapse of the proton motive force and depletion of the ATP pool and ultimately leading to cell death. These phenolic groups can further bind the active site of enzymes by altering the cell metabolism of microorganisms [22] . Sahin et al. [23] reported the antimicrobial activity of oregano essential oil against 10 bacteria strains and 15 fungi and yeast species.
Oregano essential oil has been used in active films with different composition for use in foods. Pelissari et al. [24] observed inhibition of Bacillus cereus, Escherichia coli, Salmonella enteritidis and Staphylococcus aureus in starch-chitosan based films incorporated with 0.1%, 0.5% and 1.0% of oregano essential oil. Furthermore, the oil addition has improved the water vapor permeability and led to formation of more flexible films. Oussalah et al. [25] produced milk protein based films incorporated with oregano and pepper oil for beef preservation. The films incorporated with oregano oil stabilized lipid oxidation in beef during 7 days of storage and proved effective against E. coli O157: H7 and Pseudomonas spp strains. [10] evaluated the antimicrobial properties of whey protein-based films incorporated with different concentrations of essential oil extracted from oregano, rosemary and garlic. Films containing 3 and 4% oregano and garlic essential oils were effective against S. aureus, S. enteretidis, L. monocytogenes, E. coli and L. plantarum. In contrast, films incorporated with rosemary oil did not exhibit antimicrobial activity. The authors highlighted the potential application of the active films in packaging of cheese slices.
Seydim and Sarikus
Thus, the whey protein-based films incorporated with essential oils with antimicrobial properties can be used as an active packaging technology applied to dairy products such as processed and sliced cheese to inhibit the growth of pathogenic and spoilage microorganisms, and simultaneously increase the shelf life of these products. The aim of this study was to produce and evaluate the effects of the incorporation of oregano essential oil on the water vapor permeability, solubility, tensile strength and antimicrobial activity of whey protein-based films.
Materials and Methods

Materials
The films were produced with whey protein isolate (WPI 95% Bipro, Davisco, USA). Glycerol (Synth, Brazil) was added to the formulation as plasticizer. Oregano essential oil (Origanum vulgare) was acquired from Ferquima Indústria e Comércio Ltda (São Paulo, Brazil). The essential oil met all the required specifications in relation to its quality control as the certificate of analysis provided by the supplier.
Films manufacture
Four types of films were made: control film, composed of whey protein isolate and glycerol; and whey protein-based films incorporated with oregano essential oil at three different concentrations: 0.5%, 1.0% and 1.5% (v/v). The concentrations of essential oil were defined according to literature [10] . The films were produced by casting according to the methodology described by Yoshida and Antunes [26] . The whey protein isolate (7.0%, dry weight basis) was dispersed in distilled water, followed by agitation on a magnetic stirrer until complete solubilization. Then, 3.0% glycerol (w/w) was added and the film forming solution was heated to 90 °C/30 minutes in a water bath to denature the whey proteins. After cooling to room temperature (25 °C), the pH of the solution was adjusted to 7.0 using NaOH 0.1 M. An aliquot of 10 mL was poured into 9 cm Petri dishes slightly greased with sunflower oil, and left to dry at 24 °C/24 hours, on the laboratory bench. After drying, the films were removed from the dishes with a spatula, stored in desiccators with 53% relative humidity (magnesium nitrate saturated solution), and separated by sheets of tissue paper.
The films containing the antimicrobial agent were produced following the same procedure used for the control film, differing only by the addition of oregano essential oil (OEO) at concentrations of 0.5%, 1.0% and 1.5% (v/v) to their respective film forming solution prior to heat treatment at 90 °C/30 minutes, to facilitate their incorporation into the protein matrix. The drying and conditioning of the films was the same of the control film.
Films characterization
Before the characterization analyses, all dried films were stored in desiccators at 25 °C and 53% relative humidity (RH) for 48 hours. The films were characterized for visual appearance, thickness, water vapor barrier properties, water solubility and tensile strength.
The films were evaluated for visual and tactile aspect aimed to select only the homogeneous films (without the presence of insoluble particles, bubbles and uniform color), with no breaks or frangible areas to the analytical determinations.
The thickness of the films was determined using a digital micrometer with a resolution of 0.001 mm (Mitutoyo MDC-25M, Kanagawa, Japan) and was calculated as the mean of ten measurements of the film area.
The water vapor permeability (WVP) was determined gravimetrically at 25 °C according to standard method E-96-95 ASTM [27] . The best films previously selected by visual and tactile aspect were cut into discs with 9 cm in diameter and set out in the circular opening of the capsule to ensure moisture migration exclusively through the film. The interior of the capsule was filled with 15 g calcium chloride, and the system was placed into a desiccator containing a saturated solution of sodium chloride, corresponding to RH 75%. The test was carried out in triplicate for each formulation with RH gradient (0-75%) at 25 °C. Water vapor transport was determined from the weight gain of the calcium chloride measured every 24 hours for 7 days. The relative water vapor permeability (RWVP) was calculated as follows:
where A is the permeation area of the film (m 2 ), m is the mass of vapor permeated (g) and t is the time (days).
The water vapor permeability (WVP) was calculated by the equation:
where e is the average film thickness (m), p S is the saturated vapor pressure at the test temperature (Pa), RH 1 is the relative humidity inside the desiccator and RH 2 is the relative humidity inside the capsule.
The water solubility of the films was determined according to the method proposed by Gontard et al. [28] , in triplicate. The samples were cut into discs of 2.5 cm in diameter and dried in an oven at 105 °C for 24 hours to obtain the initial dry mass. The dried samples were immersed in a beaker containing 50 mL distilled water and kept under slow stirring (100 rpm) for 24 hours at 25 °C using a magnetic stirrer. After this period, the samples were subjected again to drying at 105 °C for 24 hours to obtain final dry mass. The water solubility was calculated using the following equation:
where: SOL is the solubilized mass as a function of the initial dry mass (%), M I is the initial dry mass (g) and M F is the final dry mass after solubilization (g).
The tensile strength (TS) was measured using a TA.XT2 Texture Analyzer (Stable Micro System, Hasleme, England) according to the method of the American Society for Testing and Materials [29] . The measurements were carried out at 25 °C. The samples were cut into 80 mm long × 25 mm wide strips, and was adjusted to the grip device with a distance of 30 mm. The test speed was 1 mm/s. Ten replicates of each formulation were performed. The ultimate tensile strength was calculated according to the equation:
where TS is the ultimate tensile strength at break (MPa), F M is the maximum force at break of the film (N), and A is the cross sectional area of the film (m 2 ).
Antimicrobial effectiveness of the films by agar diffusion method
To determine the antimicrobial effectiveness of the whey protein-based films, a lyophilized culture of Penicillium commune (CCT 4685) donated by André Tosello Foundation (Campinas, São Paulo, Brazil) was used. The reactivation of lyophilized cells of Penicillium commune was performed according to the following procedure: the rehydration was carried out for 30 minutes in sterile distilled water, and the entire contents of the vial were poured onto a plate containing Potato Dextrose Agar (PDA, Difco Laboratories), which was incubated at 25 °C/5 days. After growth, the colonies were transferred to tubes containing PDA agar, which were incubated at 25 °C/5 days and then kept under refrigeration (7 °C). These tubes contained the inoculum to be used in the diffusion tests.
For the diffusion test, the colonies were collected, with a handle, from the tubes containing the inoculum and transferred to an erlenmeyer having 50 mL 0.1% peptone water with 0.1% Tween 80. The suspension was stirred for 1 min and filtered with the aid of sterile gauze. From this initial inoculum, decimal dilutions were performed, and the suspension for the diffusion test was selected according to the growth characteristics of the target microorganism.
The agar diffusion test was used to qualitatively evaluate the antimicrobial activity of the films according to Pelissari et al. [24] with modifications. The active films were placed on the surface of the solidified PDA, together with 0.1 mL suspension of Penicillium commune seeded with Drigalski handle. Circular cuts (2.5 cm in diameter) of the control films and films incorporated with 0.5%, 1.0% and 1.5% oregano essential oil were exposed to UV light for 15 min and placed aseptically onto the surface of solidified medium inoculated with the target microorganism. The plates were incubated at 25 °C/5 days. The efficiency of the antimicrobial agent was evaluated by the formation of halo around the disks and by quantification of colony-forming units (CFU mL -1 ). All experiments were performed in triplicate.
Statistical analysis
The effect of the addition of oregano essential oil on the characteristics and antimicrobial activity of edible films was assessed by analysis of variance and Tukey's test at 5% significance level. Statistical analysis was performed using the Statistica software (version 8.0, 2007; Stat-Soft Inc., Tulsa, OK).
Results and Discussions
Films characterization
The whey protein-based films with and without addition of oregano essential oil (OEO) at different concentrations were, in general, homogeneous, transparent, and yellowish. The films incorporated with higher concentrations of essential oil (1.0% and 1.5%) were visually more malleable than the others were. Ramos et al. [8] studied films produced from whey protein isolate or protein concentrate, and observed similar visual characteristics to those found in this study. Table 1 shows results for thickness, water vapor permeability, water solubility and tensile strength of active whey protein films.
Film thickness ranged from 0.013 mm to 0.015 mm (Table 1 ) and the control film showed lower thickness than the films with 0.5% and 1.0% essential oil. The difference between the thicknesses of the control as compared with the films incorporated with 0.5% and 1.0% essential oil could have been caused by lack of accuracy in measuring the volumes of filmogenic solution added to the Petri dishes. Bertan et al. [30] observed that the addition of hydrophobic substances promoted an increase of the biofilm thickness, being necessary to use different ratios for each formulation aimed at controlling thickness for the repeatability of the measurements and validity of comparisons between properties. In the case of this study, it can be considered that the percentage of the hydrophobic substance (oregano essential oil) was too low to cause such variation.
The water vapor permeability (WVP) was significantly higher in the films containing the oregano essential oil (Table 1) , contrary to what is expected for films made with hydrophobic substances. The incorporation of lipids in the protein film matrix reduces the interaction for water molecules, reducing the water vapor permeability of the films [26] . Probably the oregano essential oil could not bind chemically to the protein matrix, leaving empty spaces through which water could permeate, causing a higher WVP in active films.
Gontard et al. [28] , who evaluated the incorporation of hydrophobic substances to wheat gluten based films, found similar results. The authors observed that the hydrophobic molecules having substantially spherical large size, when used in formulations of composite films, can lead to the occurrence of cracks and preferred channels through which water can diffuse, resulting in higher water vapor permeability.
Despite the low concentrations of oregano essential oil used in this study, the increase of WVP could have been caused by the incompatibility of oil with the whey protein isolate, resulting in a disruption of the film matrix. In general, the films were very poorly permeable to water vapor, regardless of the addition of oregano oil. The values found in the present study were lower than those observed by other authors. Yoshida and Antunes [26] found mean WVP values of 0.3023 and 0.2680 g mm h -1 m -2 kPa -1 for control whey protein-based films and whey protein-based films emulsified with stearic acid, respectively. WVP values of 15.013 and 13.526 g mm h -1 m -2 kPa -1 were found by Mei and Zhao [31] for control whey protein-based films and films incorporated with 0.2% α-tocopherol acetate.
The control film and those containing 1% essential oil had significantly higher solubility than the film containing 1.5% oil. No differences among the other films were observed ( Table 1 ). The lower solubility of the film incorporated with 1.5% essential oil can be explained by its higher hydrophobic character.
All films remained intact after the solubility test, indicating the formation of a stable network. McHugh and Krochta [32] , Fairley et al. [33] and Galietta et al. [34] stated that whey protein-based films are partly water insoluble due to the presence of intermolecular disulfide bonds, making them resistant to solubilization in aqueous buffers. The presence of this type of binding in the matrix pores may be trapped the oregano oil, thus decreasing water solubility, which was intensified by both the higher oil concentration and the hydrophobic nature of the compound. The water solubility of the protein appears to be related to its hydrophilicity and the structure of the resulting protein matrix. The incorporation of a hydrophobic compound in the formulation of protein films reduces the ability of the film-forming matrix for bonding with water molecules [32] . According to Bertan [35] , the water solubility of the films is directly related to its components, i.e., the hydrophilicity/hydrophobicity, and structure.
The control film showed less resistance when compared to the others (Table 1) . Oregano oil has improved the resistance of the films. Among the different oil concentrations, the film incorporated with 1% essential oil had significantly higher resistance than the other films. The heat used for the preparation of the films caused denaturation of whey proteins and exposure of sulfhydryl groups, resulting in an increase of S-S covalent bonds in the films, featuring the formation of stable films capable to extend [7, 33] . Yoshida [6] found that the tensile strength was higher for films containing high concentrations of whey protein (5.5% to 7.5%), resulting in an increase in tensile strength of about 0.4493 MPa, which is related to the increased number of S-S covalent bonds in the film matrix, due to the larger amount of sulfhydryl groups on the protein surface.
The incorporation of oregano oil in the film forming solution caused the destabilization of the matrix, resulting in increased WVP, and the bonds formed due to protein denaturation have trapped the oil, thus increasing hydrophobicity of the matrix. The "spacing" caused by the oil may have promoted most interactions between the side groups of the protein chain, resulting in greater interactions and consequently greater tensile strength. The increase in concentration from 1% to 1.5% oil resulted in a decrease in the tensile strength from 108.7 MPa to 91.5 MPa, probably due to the plasticizing effect caused by the "excess" of oil or the lubricating effect of the matrix. Pelissari et al. [24] also observed a reduction in TS in starch-chitosan based films incorporated with 0.1%, 0.5% and 1.0% oregano essential oil, and attributed the results to the plasticizing capacity of oregano oil. Table 1 . Mean values of thickness, water vapor permeability, water solubility and tensile strength (TS) of the whey protein-based films. OEO: oregano essential oil. Averages with different letters in the same column differ significantly (P < 0.05).
Diffusion test
The results of the diffusion test are presented in Table 2 . The average concentration of the Penicillium commune suspension was 5.5 x 10 5 CFU mL -1 . The addition of oregano essential oil caused no significant difference in the number of colony-forming units, which was in the order of 10 5 CFU mL -1 for all treatments.
The zone of inhibition was measured as the shortest distance between the film and the nearest colony-forming unit. The halo diameter varied from 0 to 1.7 cm. A significant increase in the halo diameter with increasing concentration of oregano (Figure 1 ) oil was observed. Films containing 1.0% and 1.5% oregano oil showed significantly higher halos than both the control film and that containing 0.5% oil. No significant difference was observed between the halos of the films with 1.0 and 1.5% oregano oil.
Oussalah et al. [25] showed that 1% oregano essential oil incorporated into a calcium caseinate and whey protein isolate edible films containing carboxymethyl cellulose showed inhibitory effect against E. coli O157: H7 and Pseudomonas spp. on the surface of beefsteaks. This study suggests that 2% oregano essential oil in WPI based films was the minimum concentration with inhibitory effect against S. aureus, S. enteritidis, L. monocytogenes, L. plantarum e E. coli O157: H7. [10] performed the halo test in whey protein isolate edible films containing oregano essential oil against different microorganisms. Unlike the results observed in this study, the authors found no antimicrobial effect in the films with 1% oregano oil for the target microorganisms. The minimum concentration required for inhibition was 2%. The largest zone of inhibition was observed at concentration of 4% oregano oil against S. aureus, Salmonella enteritidis and Listeria monocytogenes.
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Pelissari et al.
[24] studied starch-chitosan based films incorporated with oregano essential oil at different concentrations (0%, 0.1%, 0.5%, and 1.0%), and found an increase of the zones of inhibition with increasing oil concentrations for the different microorganisms. The largest zones of inhibition were observed for Gram-positive bacteria (B. cereus and S. aureus) when compared with Gram-negative bacteria (S. enteritidis e E. coli).
Conclusions
Our results indicate that whey protein isolate is a good matrix for the production of biodegradable flexible films, and the addition of oregano essential oil, even in small quantities positively affected the characteristics of the films. Low vapor permeability values and low water solubility of films with oregano essential oil makes it can be used in both dry foods and in products with a greater water activity. The addition of oregano oil also allowed the production of more flexible films and more resistant at break, particularly at a concentration of 1.0%. In addition, the active films exhibited antimicrobial activity against Penicillium commune at concentrations of 1.0% and 1.5%. Based on these results it can be concluded that the films added with 1.0% of oregano essential oil presented the best characteristics. Thus, the whey protein isolate-based films incorporated with oregano essential oil has potential application as active food packaging, which may extend the shelf life of food products. Due to their characteristic aroma, it is recommended to use these active films as an alternative to commercial coatings for cheeses.
